INTRODUCTION
============

Proteins are inherently flexible molecules, since their folded structures are mainly stabilized by non-covalent interactions. Although a static crystal structure provides an impression of a single rigid state, proteins exist in a range of structures. The Protein Data Bank (PDB) ([@gkr966-B1],[@gkr966-B2]) contains a number of redundant entries for identical proteins with structures determined under different conditions, e.g. with and without a ligand molecule. These structures represent a range of variations in the native structures that are associated with their molecular functions ([@gkr966-B3]). Recently, we collected the structural changes of proteins, represented by pairs of ligand-free and ligand-bound structures of identical proteins, to analyze whether the motions were coupled with ligand binding ([@gkr966-B20]). The protein motions were classified into domain motions and local motions, depending on the size of the moving portions, and we identified the coupling with ligand binding by examining the relative positions between the ligand binding sites and the moving portions ([@gkr966-B20]). Here, we have constructed the Protein Structural Change DataBase (PSCDB), which presents the detailed results of the analysis, i.e. the classifications of protein structural changes focusing on the coupling between protein motions and ligand binding. PSCDB will be an important resource to explore the essential motions for protein functions.

A few databases on protein structural changes, such as the database of macromolecular movements ([@gkr966-B21],[@gkr966-B22]) and the non-redundant database of protein domain movements ([@gkr966-B23],[@gkr966-B24]), are presently available. However, these databases have not focused on the causes of the structural changes. As a result, the databases contain various protein motions that are not necessarily essential to protein functions or artifacts due to crystal packing. Recently, Qi and Hayward ([@gkr966-B15]) developed a database of protein motions induced by ligand binding, but they considered only domain motions in enzymes. PSCDB covers all kinds of protein motions, including not only domain motions of enzymes but also other types of motions seen in enzymes and non-enzymes.

METHODS
=======

Data in PSCDB
-------------

Because the process of the dataset construction was previously described ([@gkr966-B20]) in detail, we will briefly outline it here. We collected representative 839 structural changes of monomeric or homo-dimeric proteins, which are the pairs of the ligand-free and ligand-bound structures satisfying the following criteria: They are X-ray crystalline structures determined with higher than 3.0 Å resolution, and the sequence identity of the pair is \>95%, with at least 90% coverage. The oligomeric states of the pair were identified according to PiQSi (Protein Quaternary Structure Investigation) ([@gkr966-B25]). The representative pairs were selected according to the SCOP (structural classification of proteins) family ([@gkr966-B26]), or based on clustering with 40% sequence identity. The representative pairs of ligand-free and ligand-bound structures of monomers and homo-dimers are a dominant part of the structural database: they occupy more than three quarters of the whole set of representative pairs including monomers and all kinds of oligomers.

Classification of protein motions
---------------------------------

DynDom ([@gkr966-B27],[@gkr966-B28]) was applied to the protein structures, regardless of monomeric or dimeric forms, and domain motions were detected. When more than two domains were identified, the protein structure was divided into the components of motion, each defined as two neighboring domains exhibiting a domain motion ([Figure 1](#gkr966-F1){ref-type="fig"}a). Consequently, a protein structure may have one or more components of motion, or simply a single domain exhibiting no domain motion. Next, the local motions were identified in each domain. A local motion was defined as that occurring in a local segment composed of more than five residues, with a displacement at least four times larger than the median for all residues. When more than one moving local segment was identified in a domain, the domain was divided into the components of motion, each composed of the core domain and a moving local segment ([Figure 1](#gkr966-F1){ref-type="fig"}b). Finally, each component of motion was assessed according to whether the motion was coupled with ligand-binding, by examining the relative positions of the ligand binding site and the moving portion. A component of motion was designated as 'coupled' with ligand-binding if both portions constituting the component of motion contacted the ligand molecule in the ligand-bound structure. Otherwise, it was classified as 'independent', or uncoupled. Consequently, the protein structural changes were classified as (i) 'coupled domain motion', (ii) 'independent domain motion', (iii) 'coupled local motion' and (iv) 'independent local motion.' In the classification of a structural change, the coexistence of domain and local motions in a protein was treated as domain motion, and the coexistence of coupled and independent motions was treated as coupled motion. The rest of the protein motions, other than the above four classes, were classified as follows. In the structural change with a small displacement \[root-mean-square displacement (RMSD) \<1.0 Å\], we considered the protein structure to be significantly altered when the ligand molecule was buried inside of the protein core, i.e. the relative accessible surface area ([@gkr966-B31]) of the ligand was \>90%. We refer to this type of structural change as (v) 'burying ligand motion'. We visually checked pocket shapes for ligands and confirmed that it would be impossible to bury the ligand without significant structural changes. The other motions with small RMSD values were termed (vi) 'no significant motion'. The rest of the motions are (vii) 'other type motion', which are mostly outliers of the definitions of the domain or local motions, despite of large displacements (RMSD \> 1.0 Å). They include 'domain motion like', 'local motion like' and 'large plastic motion' described in detail in the previous work ([@gkr966-B20]). We mainly focused only on the coupled motions (classes 1 and 3) in our previous work ([@gkr966-B20]), but PSCDB presents all motions. Figure 1.Components of motion in domain and local motions. (**a**) Superposition of glucokinase structures (PDBIDs: 1q18, 1sz2) ([@gkr966-B29]) on the largest domains (blue/cyan). The three domains are colored green/yellow, blue/cyan and red/magenta. The structure was divided into two components of motion (green/yellow and blue/cyan, and red/magenta and blue/cyan). (**b**) Superposition of [d]{.smallcaps}-alanine:[d]{.smallcaps}-alanine ligase structures (PDBIDs: 2fb9, 2zdq) ([@gkr966-B30]) on the core domains (blue/cyan). Two moving local segments (green/yellow and red/magenta) were identified in the protein motion. The structure was divided into two components of motion (green/yellow and blue/cyan, and red/magenta and blue/cyan).

This classification is shown on the top-page of PSCDB, with the number of proteins classified into each class ([Figure 2](#gkr966-F2){ref-type="fig"}). Each class is represented by a code of one or two characters; for example, CD stands for 'coupled domain motion'. Figure 2.Seven classes. The names, abbreviations, and numbers of protein structural changes of the seven classes are shown on the top-page of PSCDB, with the cartoon icons depicting each motion.

User interface
--------------

Users can view the list table of structural changes by clicking the icon of classification ([Figure 2](#gkr966-F2){ref-type="fig"}), or access the list table and the gallery of all entries by clicking the left box on the top-page. In the list table, the serial identifier, the PSCDB identifier (PSCID), is labeled on the individual structural change together with the protein name, the two PDBIDs (ligand-free and ligand-bound forms) and the ligand name(s). The six digit number shown in the right column in the list table indicates, from the first to the sixth digit, the number of components of motion for the coupled domain motion, the number for the independent domain motion, the number for the coupled local motion, the number for the independent local motion, the number of domains exhibiting the burying ligand motion, and the number of domains with ligand molecules situated on the protein surface, respectively. The last number is frequently related to the class of no significant motion. PSCDB also provides a search tool at the top-right corner of each page. Users can search for 'protein name' or 'PDBID'.

From the list table or the gallery, users can access the summary page of each protein structural change. As an example, the structural change of the hypothetical oxidoreductase YIAK ([@gkr966-B32]) is shown in [Figure 3](#gkr966-F3){ref-type="fig"}. This protein contains two components of motion, which were both classified as coupled domain motion. The PSCID is thus CD.1 (\[1\] in [Figure 3](#gkr966-F3){ref-type="fig"}). The PDB structures representing the motion are provided in the 'PDB' box \[2\]. To visualize the motion, the three rigid domains (blue, green, and red) and the ligand molecules (spheres) are illustrated in the upper right panel \[3\]. By clicking the 'animation' button \[4\], morphing animation can be viewed through JMOL ([@gkr966-B33]). The predicted domain motion using the linear response theory ([@gkr966-B20],[@gkr966-B34],[@gkr966-B35]) can also be viewed by clicking the 'PNG image' button \[5\]. If a target protein is an enzyme, then the enzyme commission number and the information about the catalytic sites are shown in the 'function' box \[6\]. The bound-ligand molecule is provided in the 'ligand' box \[7\]. The details of the motions are summarized in the 'segments' box \[8\]. Figure 3.An example of a web page: hypothetical oxidoreductase YIAK ([@gkr966-B32]). The numbers indicate the PSCID and protein name \[1\], PDB box \[2\], protein and ligand structures \[3\], animation button \[4\], PNG image button \[5\], function box \[6\], ligand box \[7\] and segment box \[8\].

Future directions
-----------------

In PSCDB, the structural changes are presented only for representative proteins of the SCOP families. The representative protein was selected as the pair of ligand-free and ligand-bound structures of an identical protein with the largest RMSD value in each protein family ([@gkr966-B20]). However, the largest motion does not necessarily represent the dominant motion of the protein family. Therefore, we will examine all pairs of ligand-free and ligand-bound structures of an identical protein, and analyze the ensemble of protein motions in the protein family. We will also develop an automated pipeline to analyze and classify protein structural changes. Using this pipeline, PSCDB can be automatically updated when new PDB entries are deposited. A liaison to the BLAST ([@gkr966-B36]) homology search program will also be available.
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